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POE  PiGlUSHCY  SCANNING  RADAR 


1 .  INTROpUCTION 

A  radar  beam  may  have  its  direction  changed  without  mechanical  mean3 
by  using  a  technique  usually  called  "frequency  scanning".  In  order  to  cover  a 
wide  angle  of  scan  in  this  way,  within  the  limited  tuning  range  of  current  high 
power  transmitters,  the  aerial  must  be  made  to  have  cm  enhanced  sensitivity  to 
frequency  changes.  This  sensitivity  may  be  obtained  by  folding  a  waveguide  into 
the  form  of  a  "jumping  cracker"  and  allowin;  it  to  radiate  in  a  controlled  manner 
from  a  line  of  slots  cut  in  the  waveguide,  (Fig.  l).  A  fan  beam  is  thus  produced 
which  may  be  scanned  widely  in  the  plane  of  the  array  by  altering  the  frequency 
of  the  transmitter. 

C-ollimation  in  the  plane  transverse  to  the  array  may  be  arranged  with 
a  cylindrical  parabolic  mirror  having  its  line-focus  occupied  by  the  array  of 
slots.  Alternatively,  each  slot  of  the  frequency  sensitive  array  may  be  made 
to  couple  energy  at  a  given  rate  into  a  waveguide  linear  array.  The  planar 
"array  of  arrays"  thus  produced  radiates  a  pencil  beam  which  scans  in  the  plane 
of  the  frequency-sensitive  array  of  feeds. 

2.  BASIC  32SISN 

In  order  to  establish  the  techniques  of  frequency  scanning  in  A.S.L’.B. 
it  was  decided  in  1955  to  produce  a  demonstration  set  as  quickly  as  possible, 
even  if  the  small  effort  available  meant  that  the  system  might  be  rather  crude. 

The  aerial  design  consisted  of  a  folded  waveguide  array  feeding  a 
narrow  mirror  as  a  suitable  mirror  had  already  been  developed  for  use  in 
Type  982k.  It  was  thought  best  to  remove  the  array  from  the  reflected  beam  by 
"off -setting",  in  order  to  redvce  sidelobes  in  the  pline  transverse  to  the  focus 
of  the  mirror  (Pig.  2).  The  only  way  of  doing  this  was  to  arrange  the  radiating 
slots  so  'that  one  was  cut  in  e.,ch  alternate  bend  of  the  folded  waveguide,  thus 
forming  a  linear  array. 

2  • 1  F qj  led  |V''3.yC£qiide  p  unsay 


The  first  choice  of  radiator  was  a  "shunt  displaoed"  slot  cut  parallel 
to  the  centre-line  of  the  waveguide,  and  having  its  radiated  power  controlled  by 
its  displacement  from  the  centre-line.  This  type  of  radiator  has  often  been 
used  in  straight  waveguide  applications.  A  full  acount  of  earlier  work  with  the 
shunt  displaoed  slot  in  folded  waveguide  has  been  given  in  deference  1 ,  Scanning 
of  the  beam  was  accomplished  substantially  as  predicted,  but  sidelobes  were  much 
higher  than  was  expected,  .'his  paper  therefore  begins  with  a  critical  study  of 
the  first  choice  of  radiator. 

2 . 2  Possible  Defects 

It  was  first  suspected  that  the  snuare  box  surrounding  each  shunt 
displaced  slot,  (fig.  3),  was  causing  other  modes  to  propagate  from  the  slot. 
Three  moO.es  are  possible,  ,  11^  and  .  (Fig.  4).  It  then  seemed  obvious 

that,  if  the  mode  existed  at  all,  it  would  propagate  along  the  short 

w.  ve guide  formed  by  the  hex,  at  a  phase  velocity  different  from  the  o'.-hnr  two 
nodes.  The  emergent  wave  would  then  have  a  phase  error  along  the  length  cf  the 
array  proportional  to  who  a’-vnit  of  excitation  cf  the  unwanted  ,.cde,  It  seemed 
reasonable  that  the  excitation  of  the  unwanted  mode  would  be  c.  function  r.f  the 
slot  displace  -.ent,  and  a  pease  error  was  therefore  expected,  having  a  curvature 
somewhat  similar  to  the  amplitude  distribution  (cosine ?)  imposed  along  the  array. 
Phase  measurements  on  a  o  f  t  long  ar ray  showed  that  such  a  phase  error  was 
unnista  .ably  present. 

Simultaneously,  measure  icnts  in  different  planes  cf  the  radiation 
pattern  of  a  single  radiator  sho.  ed  tuat  the  maximal  no /or  w-.s  propagating  in  a 
plane  at  m  angle  to  that  containing  the  axis  of  the  guide.  This  was  ret 
altogether  surprising  since  it  w  s  the  first  experiment  to  prove  the  existence 

u.  .r  co  'nncMTfA'f 
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of  an  unwanted  mode.  However,  the  team  from  an  array  of  these  skew  radiators 

must  suffer  from  the  alternately  skewed  radiation;  higher  sidelobes  would  be 
formed  consistent  with  the  reinforcement  of  radiators  spaced  at  alternate  slot 
intervals.  The  individual  radiations  are  sketched  in  Figure  5a. 

It  is  extraordinarily  difficult  to  devise  any  experimental  means  of 
proving  the  existence  of  the  mode,  because  both  the  Hq^  and  .  modes  may 

exist.  Attempts  were  made  with  wire  and  strips  to  suppress  all  but  the  wanted 
mode  and  to  note  any  difference  in  phase  and  amplitude  plots.  These  experiments 
served  only  to  strengthen  the  idea  that  the  shunt-displaced  slot  at  the  base  of  a 
square  waveguide  box  was  not  the  ri ght  approach  to  the  problem. 

3.  A  NBv/  RADIATOR 


The  first  ideas  for  an  improved  aerial  array  began  with  the  need  for  a 
new  radiator  which  would 

(a)  propagate  no  higher  order  modes; 

(b)  radiate  maximum  power  in  one  plane,  irrespective  of  the  power 

radiated  and  the  sense  of  the  excited  field; 

(c)  have  minimal  phase  change  with  power  radiated; 

(d)  avoid  the  gable-shaped  comers  between  each  limb  of  the  waveguide; 

(e)  dispense  with  the  separate  boxes  previously  used  above  each  slot. 

A  series  of  experiments  proved  that  (a)  and  (b)  could  be  satisfied  by 
cutting  a  series-inclined  slot  in  the  centre  of  the  "able  comer  used  in  the  first 
jumping  cracker.  (Fig.  5b).  In  order  to  satisfy  (d)  and  (e),  thus  attaining  a 
simple  mechanical  construction,  series-inclined  slots  were  tried;  these  were  cut 
in  a  flat  plate  like  the  broad  face  of  a  waveguide,  with  the  jumping  cracker 
underneath,  (fig.  6).  This  was  highly  successful  and  requirement  (c)  was  al30 
satisfied.  \  more  detailed  account  of  some  of  the  important  steps  follows. 

3.1  Hatched  Square  Comer 

The  simplest  way  to  connect  two  pieces  of  waveguide  which  are  joined 
face  to  face  is  to  cut  away  some  of  the  common  wall  and  place  a  flat  plate  on  top. 
As  far  as  r.f.  is  concerned,  a  strong  reflexion  would  occur  which  could  be 
adjusted,  but  not  removed  by  varying  the  height,  h,  between  the  common  wall  and 
the  flat  top.  (Fig.  7).  Sparkover  would  of  course  occur  at  quite  low  power, 
’./hilst  attempting  to  reduce  the  likelihood  of  breakdown  by  rounding  the  top  of 
the  common  wall,  it  seemed  sensible  to  exaggerate  this^radius  to  form  a 
capacitive  iris  and  so  simultaneously  to  match  the  130°  corner.  (Fig.  8). 

For  size  10  waveguide  using  the  waveband  chosen  for  the  interim  aerial, 
this  was  highly  successful 'and  proved  to  be  an  important  .dvance  in  the  work, 
which  followed.  The  v.s.w.r.  of  the  final  comer  shows  a  match  of  0.99  at  mid¬ 
band  and  0.97  at  each  end  of  the  band.  (Fig.  9).  -'his  was  considered  bite 
adequate  for  the  purpose;  in  fact,  this  result  was  slightly  better  than  that 
with  the  gable  corners,  (Fig.  10).  dparkover  did  not  occur  for  peak  powers  of 
1.5  Si  at  atmospheric  pressure. 

3 . 2  Series -inclined  Slot  in  5  maare  Corner 

The  superiority  of  the  series-inclined  slot  over  the  shunt-displaced 
slot,  lay  in  having  a  radiator  -always  centred  on  the  centre-line  of  the  array. 
iOrcover,  the  speed  of  experimental  work  v;as  greatly  enhanced  by  the  ease  of 
having  a  given  length  of  slot  in  a  central  disk  which  could  be  rotated  into  any 
desired  angular  position  and  hcnco  offer  any  desired  radiated  power.  (Fig.  11). 
Ho  other  slotted  radiator  has  this  property.  Furthermore,  the  disks  could  easily 
be  removed  and  different  sises  of  siot  cut  without  difficulty  or  undue  wastage 
of  material. 
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It  was  first  neoassary  to  find  out 

(a)  whether  the  new  radiator  had  a  smooth  resonance  curve 

(b)  whether  the  peak  could  be  brought  on  to  nid-band  by  altering  the 
length  of  the  slot 

(o)  whether  tuning  was  flat  enough  over  the  band 

(d)  whether  the  slot  and  corner  withstood  r.f .  power  without  sparking. 

Using  a  single  slot  on  one  square  oomer,  tilted  at  20°  from  the 
longitudinal  axis  of  the  guide,  it  vras  soon  established  that  a  slot,  2j^in  x 
%  in  overall,  g  in  radius  at  each  end,  gave  a  smooth  resonance  curve.  A  flat 
maximum  centred  near  10,9  on  wavelength  was  achieved;  this  wavelength  represents 
mid-band  in  the  aerial  design.  The  unslotted  oorner  withstood  1,5  MS/  peak  r.f. 
power  at  atmospheric  pressure,  '..'ith  a  slot  this  figure  fell  to  ^  MVf  for  small 
angles  of  inclination,  and  even  to  -jr  HS7  for  larger  angles,  but  at  this  stage 
the  slots  were  not  rounded  at  the  edges;  for  a  practical  application  suoh 
rounding  would  be  an  obvious  improvement,  ./ith  the  comer  and  slot  established, 
a  folded  waveguide  array  of  twelve  slots  in  square  comers,  (Pig.  12),  was 
specified  in  Ifovember,  1957. 


3 . 3  Characteristics  of  Slot 

The  twelve  slots  were  cut  in  disks  above  the  centre  of  each  square 
comer,  and  were  thu3  easily  turned  to  any  given  inclination  to  the  centre 
line  of  the  guide.  Y/ith  the  slots  set  alternately  at  +  15°  and  a  reflexionless 
load  at  the  end  of  the  folded  waveguide  preceded  by  a  small  probe,  power  was 
fed  into  the  array  and  the  level  at  the  load  end  noted,  i'll  the  slots  were 
then  covered  with  metal  foil.  Zach  slot  in  succession  ’..as  then  uncovered  and 
the  power  drop  due  to  radiation  through  the  slot  wa3  noted.  The  difference 
between  doing  this  consecutively  and  in  a  random  fashion  was  observed.  (Pig.  13). 
This  confirmed  that  the  preliminary  measurement  of  a  fairly  high  v.s.w.r.  within 
the  guide  was  correct. 

Systematic  measurements  were  then  made,  changing  the  angle  at  which 
all  the  slots  were  inclined,  lach  array  then  had  twel  e  slots  all  at  one  angle. 
The  object  was  to  measure  the  radiated  power  through  airy  one  slot  at  a  given 
angle  of  inclination,  in  a  typical  position  along  the  array  where  mechanical 
errors  and  representative  but  undesirable  electrical  reflexions  within  the 
guide  would  be  encountered.  There  is  little  hope  of  v/or  :shop  or  factory 
producing  a  perfect  array;  the  best  that  can  be  aohieved  is  to  have  it 
carefully  made  and  to  know  what  sort  of  behavi'ur  it  will  exhibit  in  the  presence 
of  the  imperfection. 

It  was  found  sufficient  to  use  as  few  as  eight  slots  in  the  array, 
and  from  these  an  average  radiated  power  for  the  angle  of  inclination  was 
established.  (Pig.  14).  An  experiment  was  also  made  to  show  the  variation 
over  the  band  of  frequencies  to  be  used;  it  was  found  to  be  encouragingly 
small.  Small  dots  in  Fig.  1  she./  the  spread. 

4  graph  was  then  plotted  of  the  normalised  conductance  of  a  typical 
slot  against  its  angle,  (Pig.  15);  it  can  be  seen  that  over  the  working  range 
this  is  a  straight  line.  From  this  graph  slot  angles  were  read  off  to  suit  the 
conductances  calculated  for  a  12-slot  array  having  a  (£  +  $  cosine®) 
distribution.  This  is  a  far  quicker  procedure  than  est  Polishing  a  ''conductance 
law"  analytically  and  calculating  3lot  angles  to  decimals  of  a  minute.  The 
accuracy  of  the  experimental  work  and  the  resulting  graph  seldom  warrant  such 
a  task,  and  the  final  radiation  patterns  rarely  give  good  agreement  with  those 
predicted,  lechanic .1  errors  in  construction  are,  in  any  event,  of  the  same 
order  as  those  derived  from  a  carefully  plotted  graph.  It  is  therefore  very 
doubtful  -whether  the  time-honoured  procedure  of  calculation  has  anything  to 
commend  it. 
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4.  T.nur-i  nhj  ;p«r  array 

4. 1  Radiation  Patterns 

Using  the  graph  in  Pig.  14,  the  twelve  slot  angles  which  would  give 
the  desired  distribution  were  sot  up,  the  disks  were  soldered  in  place,  and  the 
array  patterns  vere  measured  in  the  field.  Two  important  features  wore 
immediately  evident;  the  array  gave  sidelobes  which  were  a  nearer  approach  to 
the  theoretical  pattern  than  those  of  any  of  the  slotted  arrays  previously  used, 
and  the  beam  scanned  through  the  broadside  position  without  deterioration  of  the 
pattern.  (Pig.  16).  The  former  is  particularly  important  because  with  few  slots 
in  an  array  large  deviations  from  the  theoretical  pattern  are  usually  expected. 

That  these  did  not  occur  is  considered  to  be  the  result  of  each  slot  being 
decoupled  from  the  next  within  the  guide,  by  the  length  of  folded  waveguide  in 
between.  In  a  conventional  'straight  "array  of  slots  coupling  internally  and 
externally  is  expected,  because  complex  fields  exist  in  the  vicinity  of  each  slot; 
since  they  lie  about  half  a  wavelength  apart  interference  or  mutual  coupling  is 
inevitable.  Greater  emphasis  has  usually  been  given  to  the  external  coupling,  but 
this  folded  array  provides  Important  evidence  to  the  contrary.  The  jumping 
cracker  construction  provides  slots  which  externally  are  the  usual  distance  apart 
but  internally  are  separated  by  some  several  half-wave  lengths.  A  later  experiment 
with  identical  slots  and  the  saae  distribution  out  in  straight  waveguide  showed 
the  same  sort  of  departure  from  theoretical  patterns  when  measured  in  the  far 
field. 


The  second  feature,  the  scan  througn  broadside ,  was  most  interesting 
because  no  measurements  had  been  made  of  the  equivalent  waveguide  length  around 
each  corner,  lach  folded  arm  of  the  jumping  cracker  was  in  fact  slightly  too 
short  for  the  scan  to  occur  entirely  to  one  side  of  the  normal.  (Fig.  17). 

Since  the  wavelength  which  gave  a  bean  normal  to  the  aperture  could  be  established  ,  ± 

with  some  accuracy,  it  was  not  uecessary  to  measure  the  equivalent  length  around 
the  corner,  because  at  this  wavelength  an  exact  number  of  half  wavelengths  exists 
between  each  slot  and  the  next.  A  simple  calculation  gave  the  correction  to  apply 
in  future  arrays.  A  further  experimental  check  was  performed  by  observing  the 
wavelength  at  which  the  lowest  v.s.w.r.  was  obtained. 

4 . 2  Restriction  of  Transverse  Beamwidth 

All  the  effort  so  far  had  been  directed  towards  producing  a  folded 
waveguide  array  which  would  give  acceptable  radiation  patterns  in  the  plane  of  the 
array;  it  was  also  essential  to  narrow  the  bea  a  in  the  plane  transverse  to  the 
array  in  order  to  illuminate  the  parabolic  mirror  efficiently. 

Two  parallel  plates  half  a  waveguide -width  apart  were  used  and  these 
were  flared  somo  3  inches  from  the  slots  into  a  longitudinal  hom  aperture.  The 
narrow  parallel  plate  region  precluded  any  transmission  in  unwanted  mxles.  The 
size  of  the  horn  was  chosen  to  offer  a  useful  beamwidth,  whilst  preserving  a 
"matched  hom"  condition  at  the  throat.  (Pigs,  1 3 ,  19).  Nevertheless,  the  slot 
characteristics  were  found  to  have  altered  because  the  slots  now  radiated  into  a 
bounded  medium;  accordingly,  they  were  re-measured  by  the  same  method  as  before 
(pig.  20).  Radiation  patterns  in  the  transverse  plane  are  shown  in  Figure  21.  The 
beamwidth  is  clearly  a  maximum  at  the  wavelength  givina  broadside  radiation,  and 
decreases  as  the  beam  is  scanned  to  either  side.  Some  error  must  be  allowed  in 
these  measurements  owing  to  the  need  to  tilt  the  array  in  its  own  plane  in  order 
to  align  the  beam  on  the  distant  source.  The  variation  obtained  would  probably 
cause  some  small  change  in  the  gain  of  the  final  aerial. 

The  array  patterns  were  taken  again  with  the  flare  in  position  and  with 
the  slots  inclined  with  the  angles  appropriate  to  the  revised  distribution.  These 
patterns  are  shown  in  Pigure  22  and  should  be  compared  with  those  is  Figure  1 6 , 
wlvioh  shov/s  the  patterns  taken  with  the  array  before  the  horn  section  was  fitted. 

5.  FABRICATION  0?  FIFTY  IL.C  TIT  ARRAY 


5 . 1  R.F,  Loss 

The  final  measurement  required  before  designing  a  new  array  was  that  of 
r.f.  loss  per  unit  length  of  waveguide.  This  was  found  from  a  section  of  the  first. 
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aluminium  jumping  oraoker  mentioned  in  section  1 ;  it  had  proved  & 
meehanical  failure,  owing  to  differential  expansion  in  the  dip-brasing  bath, 
but  it  was  decided  that  it  would  be  preferable  to  use  its  actual  loss  in  the 
calculation  of  the  new  array,  rather  than  to  adopt  some  theoretical  figure. 

A  loss  of  0.025  dB  between  e.-ioh  slot  was  derived  and  used  in  the  oaloulation, 

5.2  Simplified  ieohanioal  Design 

The  new  50-slot  array  was  designed  in  four  sections  giving  a  final 
length  of  12  ft  6  in.  Saoh  seotion  was  made  from  flat  aluminium  plates  held 
apart  by  walls,  each  wall  replacing  a  pair  of  the  waveguide  walls  in  the  first 
folded  waveguide  array.  (Pig.  23).  The  slots  were  added  in  a  cpeoially 
flanged  front  portion,  whioh  could  be  drilled  to  reoeive  the  longitudinal 
horn.  (Pig.  24).  A  flat  plate  completed  the  non-radiating  side  of  the 
assembly.  (Pig.  25). 

5.3  Completed  Array 

The  complete  array  has  fifty  slots  arranged  to  give  a  (£  +  $  oosime8) 
distribution  of  field  along  the  array.  Pig.  26  shows  the  array  assembled  at 
the  foous  of  the  parabolic  mirror  for  which  it  was  designed;  the  longitudinal 
horn,  (Ref.  2),  is  clearly  visible. 

5.4  Radiation  Patterns 

The  small  team  which  did  the  work  leading  to  the  specification  of 
the  array  was  dispersed  before  manufacture  commenced.  Others  completed  the 
window  design  (Ref.  2)  and  measured  the  far-field  patterns.  (Pig.  2?). 

These  patterns  are  not  as  good  as  the  very  promising  patterns  of  the  3  ft 
brass  array.  There  can  be  no  doubt  that  the  discrepancies  are  largely  due  to 
mechanical  inaccuracies. 

Should  there  be  a  definite  requirement  for  thi3  type  of  array  the 
greater  part  of  the  effort  should  be  allotted  to  the  mechanical  means  of 
attaining  the  simplicity  and  accuracy  of  brass  waveguides  stuck  together. 

Some  of  the  raeohanical  difficulties  encountered  and  the  techniques  used  have 
been  reported  in  Reference  3. 

6.  CONCLUSION 

An  improved  radiator  for  the  interim  frequency  scanning  radar  has 
been  developed  which  gives  unusually  small  phase  errors  on  transmission.  Using 
an  array  of  only  twelve  of  these  radiators,  a  brass  waveguide  frequenoy- 
soanning  aerial  has  been  made  which  produces  radiation  patterns  in  good 
agreement  with  theoretical  predictions.  This  shows  that  careful  construction 
can  reduce  phase  errors  to  acceptable  levels.  If  the  same  meohanioal  aoouraoy 
could  have  been  attained  in  the  50-element  aluminium  array  which  followed,  the 
patterns  obtained  might  have  been  even  better.  The  next  problem  in  this 
investigation,  is  therefore  largely  a  mechanical  one. 

7.  ACRN0'.VL3Dg  ,3NTS 

Work  on  the  series-inclined  slot  began  in  October,  1957;  the  12  ft 
array  of  50  slots  was  specified  in  Hay,  1958.  That  so  much  was  done  in  such 
a  short  time  was  largely  due  to  the  enthusiasm  and  hard  work  of  those  who 
performed  the  experiments  -  lessrs.  &.  U,  ff,  Bowyer,  J.  Flower,  .  Y,  Pottage, 
3.  A.  0.  Ritson.  The  author  would  also  like  to  acknowledge  valuable 
discussion  with  Hr.  P.  J.  Houseley  and  the  design  work  of  ir.  D.  Poster. 
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